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Our previous electron microscopy of DNA replicated by the
bacteriophage T4 proteins showed a single complex at the fork,
thought to contain the leading and lagging strand proteins, as
well as the protein-covered single-stranded DNA on the lagging
strand folded into a compact structure. “Trombone” loops
formed fromnascent lagging strand fragmentswerepresent ona
majority of the replicating molecules (Chastain, P., Makhov,
A. M., Nossal, N. G., and Griffith, J. D. (2003) J. Biol. Chem. 278,
21276–21285). Here we probe the composition of this replica-
tion complex using nanoscale DNA biopointers to show the
location of biotin-tagged replication proteins. We find that a
large fraction of the molecules with a trombone loop had two
pointers to polymerase, providing strong evidence that the lead-
ing and lagging strand polymerases are together in the replica-
tion complex. 6% of the molecules had two loops, and 31% of
these had three pointers to biotin-tagged polymerase, suggest-
ing that the two loops result from two fragments that are being
extended simultaneously.Under fixation conditions that extend
the lagging strand, occasional molecules show two nascent lag-
ging strand fragments, each being elongated by a biotin-tagged
polymerase. T4 41 helicase is present in the complex on a large
fraction of actively replicating molecules but on a smaller frac-
tion of molecules with a stalled polymerase. Unexpectedly, we
found that 59 helicase-loading protein remains on the fork after
loading the helicase and is present on molecules with extensive
replication.
DNA replication is catalyzed by complexes of replication
proteins that work together to catalyze the continuous synthe-
sis of the new leading strand and the priming, discontinuous
synthesis, and joining of short fragments on the new lagging
strand. The coordinated interaction of these replication pro-
teins with each other, and with DNA, is responsible for the
accurate and timely duplication of the genome. Because the two
strands of the duplex have opposite polarity, the leading and
lagging strand polymerasesmove in opposite directions relative
to the fork. Bruce Alberts (1) proposed that leading and lagging
strand synthesis could be coordinated if the nascent lagging
strand fragment and the single-stranded DNA behind it were
folded into what has been called a “trombone loop” to bring the
two polymerases together (see Fig. 1).
Our previous electronmicroscopic studies of the bacterioph-
age T4 replication complex confirmed this trombone model
(2).We found a single complex of the leading and lagging strand
proteins at the fork, with a single loop present on 43% of the
molecules. Another 43%of themolecules did not have a loop, as
expected for molecules stopped at the stage when the previous
fragment has finished, but the next fragment had not started.
Unexpectedly, and not anticipated by the Alberts model, 8% of
the molecules had two loops near the fork, and 5% contained
more than two, consistent with molecules in which a new lag-
ging strand fragment has been initiated before the previous
fragment was completed. In contrast to the original model (see
Fig. 1A), theDNA in the loopswas completely double-stranded,
with no visible extended single-stranded DNA. Instead, the
protein-covered single-stranded DNA segments on the lagging
strand were folded into highly compact structures (“bobbins”),
which constitute the major portion of the mass of the replica-
tion complex (Fig. 1B). This compact structure forms as a result
of lagging strand synthesis. It was not observed in the absence of
primase. Similar compact structures were found on molecules
replicated with phage T7 proteins (3–5). Although the size of
the complex at the fork was large enough to contain all the
proteins needed for leading and lagging strand synthesis, aswell
as 800 b2 of protein-covered single-stranded DNA, the pro-
teins actually present in these complexes could not be deter-
mined by this technique.
The T4 replication proteins provide an attractive model sys-
tem for determining the architecture of the replication fork and
the mechanisms responsible for controlling and coordinating
DNA synthesis on the two strands. This relatively simple mul-
tienzyme replication system composed of highly purified bac-
teriophage T4-encoded proteins is organized into the same
functional enzyme groups as those inmore complex eukaryotic
replication systems (reviewed in Refs. 6 and 7). T4 DNA poly-
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merase, which catalyzes DNA synthesis on both leading and
lagging strands, is attached to a sliding clamp protein (gene 45),
loaded by the complex of the gene 44 and 62 proteins (Fig. 1) (8,
9). Gene 41 helicase moves 5 to 3 on the lagging strand tem-
plate (10), opening the duplex ahead of the leading strand po-
lymerase and interacting with the primase to allow it to make
the RNA primers that initiate lagging strand synthesis (11–14).
Although the helicase can load on nicked and forked DNA by
itself, its loading is greatly accelerated by the 59 helicase-load-
ing protein (15–19). There is recent evidence that 59 helicase
loader, a fork-binding protein, plays a role in coordinating lead-
ing and lagging strand synthesis by blocking leading strand syn-
thesis in the absence of helicase or 32 protein (20–24). The
RNA primers and adjacent DNA are ultimately removed by a
T4 encoded 5 to 3 nuclease (T4 RNase H), and the adjacent
fragments joined by T4 DNA ligase (25–27). T4 gene 32 single-
stranded DNA-binding protein coats the single-stranded DNA
on the lagging strand (28) and binds and modulates the activi-
ties of the polymerase, primase, helicase loader, and RNase H.
We have now further developed a powerful technique first
applied to yeast Orc complexes (29) to use DNA “pointers” to
biotin-tagged replication proteins to determine which proteins
are present in the replication complexes visualized by electron
microscopy at different stages of replication. We show that
many of the protein complexes at the fork contain twopolymer-
ases, as expected if the leading and lagging strand polymerases
are coordinated. Under fixation conditions that extend the lag-
ging strand, occasional molecules show two nascent lagging
strand fragments, each being elongated by a biotin-tagged po-
lymerase, consistent with our previous finding of molecules
withmore than one lagging strand loop (2).We find that the 59
helicase-loading protein remains on the fork after loading the
helicase and is present onmolecules with extensive replication.
Biotin-tagged helicase is present on a large fraction of actively
replicating molecules but on a smaller fraction of molecules
with a stalled polymerase.
EXPERIMENTAL PROCEDURES
Cloning and Expression of Biotin-tagged T4 Replication
Proteins—A 16-residue peptide (SGLNDIFEAQKIEWHE) that
is biotinylated on the lysine in vivo by the Escherichia coli biotin
ligase (BirA) enzyme (30), followed by a Gly4 or a Pro4Gly
linker, was inserted after theN-terminalmethionine of T4 gene
41 helicase (p41Nbiogly and p41Nbiopro), and T4 gene 59 heli-
case-loading protein (p59Nbiogly). This was accomplished by
inserting the following oligonucleotides into theNdeI site at the







For T4 41 helicase, an NdeI site was added to pNN4101 (31)
by removing the small BsaXI fragment and replacing it with
oligonucleotides that changed the agtgtg at the beginning of
gene 41 to the NdeI sequence catatg. The internal NdeI site in
the gene 59 expression plasmid pNN2859 (18) was removed by
site-directed mutagenesis. Because the N terminus of the gene
59 helicase-loading protein is in a  sheet in the crystal struc-
ture (32), we also made 59 protein with its biotin tag at the C
terminus by adding oligonucleotides encoding the Gly4 linker
followed by SGLNDIFEAQKIEWHE at the end of gene 59 in
pNN2859 (p59Cbiogly).
To introduce the same sequences at the N terminus of T4
DNA polymerase, a BsgI site was first introduced just after the
BamHI site in pPST4pol (33), by amplifying the region between
the BamHI and XhoI sites using the primers 5-GCAGGATC-
CGTGCAGACTAAGGAATATCTATG (43 PCR TOP) and
5-CGCTTCATCCAATCTCGAGCATCTTTCATTG (43 PCR
BOT). The BamHI toXhoI region of the PCR fragment was then
used to replace the same region in pPST4pol (pRB405). Finally
theBsgI to PstI fragment of pRB405, the Pst toNdeI fragment of
the T7 expression vector pVex11, and oligonucleotides encod-
ing SGLNDIFEAQKIEWHE followed by a Gly4 or a Pro4Gly
linker were ligated together (p43Nbiogly and p43Nbiopro).
For expression, we first isolated pBirAcm, a pACYC184
plasmid with an isopropyl 1-thio--D-galactopyranoside-in-
ducible birA gene to overexpress biotin-protein ligase, from
E. coli AVB99, purchased from Avidity (www.avidity.com).
The pBirAcm plasmid was then transformed into E. coli
BL21(DE3), with chloramphenicol at 10 g/ml. Finally we
moved each of the plasmids encoding T4 biotin fusion proteins
into E. coli BL21(DE3) (pBirAcm). Cultures were grown to an
A600 of 0.4 at 37 °C in LB medium supplemented with 100 M
final concentration biotin, 10 g/ml chloramphenicol, and 50
FIGURE 1. Diagram of bacteriophage T4 proteins and DNA at the replica-
tion fork. A, the loop at the fork is formed from 32 protein-covered single-
stranded DNA and duplex DNA with the nascent lagging strand fragment, as
suggested by the original trombone model (1). B, the loop is duplex DNA. The
protein-covered single-stranded DNA on the lagging strand is folded into a
compact structure, as shown by electron microscopy (2).
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g/ml carbenicillin. Addition of isopropyl 1-thio--D-galacto-
pyranoside to a final concentration of 1 mM induces both bio-
tin-protein ligase and T7 RNA polymerase, and this gave good
expression of each of the T4 fusion proteins after 2 h.
Purification of Biotin-tagged T4 Replication Proteins—Pro-
teins were purified by modifications of the methods previously
described for the unmodified proteins, followed by affinity
chromatography on monovalent avidin (Softlink from Pro-
mega, Madison, WI) for the helicase and polymerase, or the
higher capacity Streptavidin Mutein Matrix (Roche Applied
Science) for 59 protein. Biotin in the proteins was measured
using streptavidin horseradish peroxidase and the Protein
Detector LumiGLOWestern blot Kit from KPL, Inc.
TheN- andC-terminally tagged biotin-59 proteins withGly4
linkers from 2-liter cultures were partially purified through the
high salt supernatant step (34). The affinity purification on the
Streptavidin Mutein Matrix, by the following modification of
the manufacturer’s protocol, was carried out at 4 °C. A 4-ml
column (stated capacity is 2.5 mg of biotinylated protein per
ml), was washed with 40 ml of wash buffer (100 mM potassium
phosphate, pH 7.2, 150mMNaCl), and thenwith 16ml of equil-
ibration buffer (100 mM potassium phosphate, pH 7.2, 150 mM
NaCl, and 400 mM ammonium sulfate). Half of the high salt
supernatant (2 ml) was mixed with 1.25 ml of 3 equilibration
buffer and then applied to this column. The column was closed
for 40min to allow protein to bind, and thenwashedwith 40ml
of thewash buffer. 4ml of elution buffer (wash buffer with 2mM
D-biotin) was allowed to run into the column, the column was
closed for 30min, and the biotin-tagged proteinwas then eluted
with 20 ml more of the elution buffer, collecting 0.5-ml frac-
tions. Most of the biotin-tagged 59 protein was in the first 2 ml.
The matrix was regenerated following the manufacturer’s pro-
tocol and then used to purify the remainder of the 59 protein.
Peak fractions were pooled, dialyzed against 50 mM Tris-HCl,
pH 7.5, 10% glycerol, 1 mM EDTA, 0.5 mM TCEP, and 100 mM
KCl, and stored at 85 °C.
The N-terminal biotin-tagged T4 DNA polymerases from
p43Nbiogly and p43Nbioprowere purified from2-liter cultures
by the rapid batch phosphocellulose method described previ-
ously (35) and then on a Softlink monovalent biotin resin from
Promega. To saturate nonspecific binding sites for biotin and
regenerate the resin, 1-ml columns were washed sequentially
with 5ml of 0.1 M sodium phosphate buffer (pH 7.0); 5ml of the
same buffer containing 10 mM biotin; 10 ml of 10% acetic acid;
and then with 10 ml of 0.1 M sodium phosphate buffer (pH 7.0)
to bring the pHof the effluent to 6.8. The columnwas closed for
1 h at room temperature to allow the avidin to refold, moved to
4 °C, and equilibrated with 43SL buffer (50 mM Tris-Cl, pH 7.5,
1 mM EDTA, 10% glycerol, 0.1 M KCl, and 1 mM dithiothreitol).
Polymerase (2 mg) was loaded in 0.5-ml aliquots, closing the
column for 15 min after each addition. The column was then
washed with 8 ml of 43SL buffer, and the biotin-tagged protein
was eluted with 43SL buffer containing 10 mM biotin, closing
the column for 15 min after each 0.5-ml addition. Most of the
protein (40% recovery) was in the second and third 0.5-ml frac-
tions. Polymerase was dialyzed against 43SL buffer and stored
at 85 °C.
The N-terminal biotin-tagged T4 41 helicase from a 5-liter
culture of p41biopro or p41biogly was purified through the
Q-Sepharose chromatography step as described previously
(31). A 1-ml column of Softlink monovalent avidin was treated
as described above and then equilibrated with AT buffer (10%
glycerol, 50mMNa-TAPS, pH 8.5, 0.5mMTCEP-HCl (Pierce)).
A peak fraction of helicase from theQ-Sepharose column (1.5
mg) was loaded on this Softlink column, the column was
washed with 1 ml of AT buffer, and biotin-helicase was eluted
with AT buffer containing 5 mM biotin, dialyzed against AT
buffer, and stored at 85 °C.
NickedDNATemplates—Plasmid pUCNICK (2716 bp) with
a single recognition site for the N.BbvCIA nicking enzyme
(New England Biolabs) was constructed, purified, and nicked
as described previously (34). pNNBSGless, which has a rec-
ognition sequence for the N.BbvCIA nicking enzyme fol-
lowed by a 396-bp cassette with no C in the top strand, has
the sequence GAATTTTAAGTAGGTTAAGGGGTTAA-
GCTGAGG (N.BbvC1A recognition sequence underlined,
and nicked site indicated by ) inserted between the EcoRI
and SmaI sites of pBSGLess (36). The construction of the
452-bp minicircle, which contains a recognition site for the
NBstN1B nicking enzyme (New England Biolabs) followed
by 6 copies of a 70-bp sequence with all the glycines on one
strand, will be described elsewhere.
Replication Reactions, Fixation, and Addition of the Biotin
Pointers—T4 DNA ligase was obtained from USB Biochemi-
cals. The purification of T4 32 protein (20) and all other
unmodified T4 replication proteins (35) has been described
previously. Replication reaction mixtures (40 l) contained 2
nM of the nicked DNA templates; 2 mM ATP; 250 M of each
dNTP; 250 M CTP, GTP, and UTP; 25 mM potassium Hepes
(pH 7.6); 60 mM potassium acetate; 6 mM magnesium acetate;
10 mM -mercaptoethanol; and 20 g/ml bovine serum albu-
min. Enzymes were diluted in a solution containing 50 mM
potassium Hepes (pH 7.6), 100 mM KCl, 5 mM MgCl2, 1 mM
EDTA, 10 mM -mercaptoethanol, 100 g/ml bovine serum
albumin, and 25% glycerol. Unless otherwise noted, the protein
concentrations were 2 M gene 32 single-stranded DNA-bind-
ing protein, 328 nM gene 41 helicase, 30 nM DNA polymerase,
242 nM genes 44/62 clamp-loader, 162 nM gene 45 clamp, 100
nM gene 59 helicase-loading protein, 64 nM gene 61 primase,
195 nM RNase H, and DNA ligase at 75 Weiss units/ml. Reac-
tion mixtures without proteins were incubated for 2 min at
37 °C, and the reaction was begun by adding amixture of all the
proteins except T4 RNaseH and ligase, which were added 30 s
later to prevent ligation of the nicked templates before replica-
tion began. Biotin-tagged replication proteins replaced wild-
type proteins as indicated. Unless otherwise noted, reactions
were stopped by adding 20 l of 45 mM EDTA, and 1.8% glut-
araldehyde in 1 replication salts without MgCl, giving a final
concentration of 0.6% glutaraldehyde. After 5min at room tem-
perature, the glutaraldehyde fixation was quenched by adding
20 l of 400mMTris-Cl, pH 7.5, and 20mM EDTA, followed 10
min later by 20 l of 2.4 M streptavidin (Molecular Probes) in
10 mM Tris-Cl, pH 7.5, 100 mM NaCl, and 1 mM EDTA to bind
the biotin-tagged protein. The sampleswere placed on a rotator
for 30 min at room temperature, and then filtered on 2-ml col-
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umns of 50- to 150-m 2% agarose beads (Agarose Bead Tech-
nologies) in 10 mM Tris-Cl, pH 7.5, and 0.1 mM EDTA to
remove unbound streptavidin and replication proteins. A 96-l
aliquot of the fraction containing the DNA-protein complexes
was mixed with a 5 biotinylated 300- or 179-bp DNA, ampli-
fied from Bluescript plasmid, to give a final concentration of 2
g/ml (9.6 M). The 179-bp DNA was used in Fig. 3F. The
300-bp DNA, which is more clearly visible on the micrographs,
was used in all other figures. The samples were mixed on a
rotator for 18–20 h at 4 °C to allow binding of the biotinylated
DNA, and then filtered on 2-ml columns of the 2% agarose in 10
mM Tris-Cl, pH 7.5, and 0.1 mM EDTA to remove unbound
biotinylated “DNA pointers.”
Replication reactions for analysis on gels were carried out as
described above for electron microscopy, except that RNase H
and ligase were omitted so that the lagging strand fragments
were not joined together. At the times indicated in the figures,
aliquots of the reaction mixtures were mixed with an equal
volume of 0.2 M EDTA to stop the synthesis, and the products
were analyzed by 0.6% alkaline agarose gel electrophoresis and
trichloroacetic acid precipitation (35).
ElectronMicroscopy—Samples were adsorbed to thin carbon
foils, washed, air-dried, and rotary shadowcast with tungsten at
high vacuum (37). Samples were examined in an FEI Tecnai 12
instrument at 40 kV. Length measurements were made by cap-
turing the images with a Gatan 4K
charge-coupled device camera at-
tached to the Tecnai 12 and using
Digital Micrograph software (Gatan
Inc., Pleasanton, CA). Images for
publication were captured on the
Gatan charge-coupled device or on
sheet film and then scanned with an
Imacon 848 film scanner, and the
contrast was optimized and panels
were arranged using Adobe Photo-
shop software. We only analyzed
moleculeswith a circle the same size
as the starting template.
RESULTS
Molecular Pointers to Proteins
within the T4 Replication Complex—
Wehave used biotinylatedDNA as a
molecular pointer to identify pro-
teins within the T4 replication
complex. A 16-residue peptide
(SGLNDIFEAQKIEWHE) that is
biotinylated on the lysine in vivo
by the E. coli biotin ligase (BirA)
enzyme (30), followed by a Gly4 or
a Pro4Gly linker, was inserted after
the N-terminal methionine in T4
DNA polymerase, 41 helicase, and
59 helicase-loading protein, as de-
scribed under “Experimental Pro-
cedures.” The purification meth-
ods for each protein included an
affinity column (Softlink (Promega) or the higher capacity
Streptavidin Mutein Matrix (Roche Applied Science)) to
remove proteins without the biotin tag. The degree of biotiny-
lation of the helicase and polymerase was higher with the
Pro4Gly than the Gly4 linker, suggesting that the more rigid
linker made the peptide more accessible to the biotin ligase.
The biotin-tagged polymerase and 59 helicase loader had
activity equivalent to the wild-type proteins (Fig. 2, A and C).
The template is the 2.7-kb pUCNICK plasmid, nicked at the
single recognition site for the N-BbvCIA nicking enzyme (34).
Reactions contained T4 DNA polymerase, 45 clamp, 44/62
clamp loader, primase, 41 helicase, 59 helicase loader, and 32
single-strandedDNA-binding protein. The lagging strand frag-
ments were not joined, because no T4 RNase H or DNA ligase
was added to these reactions. 59 helicase loader with the same
tag at its C terminus retained 50% of the wild-type activity
(data not shown). T4 41 helicase is required for both increasing
the rate of leading strand synthesis by unwinding the duplex
ahead of the polymerase and allowing the primase to make the
pentamer primers that initiate the lagging strand fragments.
The biotin-tagged helicase retains both these activities and is
nearly as active as the wild-type helicase (Fig. 2B).
We needed a DNA pointer that was long enough to extend
beyond the large T4 replication complex (2) and be clearly vis-
ible on electron microscopy images. In our early experiments
FIGURE 2. Replication activity of the biotin-tagged T4 replication proteins. The template was nicked pUC-
nick DNA (2.7 kb). A, polymerase; B, helicase; C, N-terminally tagged 59 helicase-loading protein. The products
were analyzed by 0.6% alkaline agarose gel electrophoresis, and dCTP incorporation was determined by tri-
chloroacetic acid precipitation.
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we used a pointer composed of a
purified complex of a 179-bp biotin-
ylated DNA duplex bound to a
streptavidin tetramer (29). How-
ever, we have found that it is easier
and just as efficient to add streptavi-
din to the fixed replicating mole-
cules, remove unbound replication
proteins and streptavidin by gel
filtration, and then add a 179- or
300-bp biotinylated DNA (see “Ex-
perimental Procedures”). In the rep-
lication reactions for electron
microscopy, the lagging strand frag-
ments were joined by T4 RNaseH
and DNA ligase. These were added
30 s after the other enzymes to pre-
vent ligation of the nicked templates
before replication began.
T4 Replication Complexes Con-
tain Both Leading and Lagging
Strand Polymerases—Our previous
electron microscopy analysis of
T4-replicating molecules showed a
single complex at the replication
fork that was large enough to con-
tain the clamped leading and lag-
ging strand polymerases, the heli-
case, primase, and helicase loader,
and800 b of single-strandedDNA
covered with 32 protein folded into
a compact structure (2). There was
frequently a double-stranded trom-
bone loop, formed from the nascent
lagging strand fragment, attached to
the complex. The 300-bp biotiny-
lated pointer clearly shows the pres-
ence of two polymerases in this
complex on the 2.7-kb circular
pUCNICK template (Fig. 3, A, B,
and D) and on a 452-bp nicked
minicircle (see “Experimental Pro-
cedures”) (Fig. 3C). The minicircle
was designed to be large enough to
be visible on the micrographs. In a
series of six experiments with the
biotin-tagged polymerase, 27–70%
of the molecules scored had one or
more pointers on the complex, and
10–43% had two or more pointers.
Control reactions with all wild-type
proteins had a single pointer on 3–7%
of the complexes, consistent with a
low level of nonspecific binding.
Although streptavidin is multiva-
lent, the very strong correlation
between the number of loops on the
replicating molecules and the num-
FIGURE 3. Replication with biotin-tagged T4 DNA polymerase. Replication products from nicked pUCnick DNA
(2.7 kb) are shown in A, B, D, E, and F. Products of the nicked 452-bp minicircle are shown in C. Arrows indicate the
biotin DNA pointers showing the location of the tagged polymerase. The pointers were 300 bp in A–E and 179 bp in
F. Note that in D–F the leading and lagging strand polymerases have become separated. In F there are two lagging
strand polymerases simultaneously elongating fragments, as well as the leading strand polymerase at the fork. The
blobs in B and D not associated with pointers are likely single-stranded DNA segments bound by g32p. G, number of
pointers to biotin-tagged polymerase on different types of replicating molecules, with the pUCnick DNA template.
Diagrams depicting molecule type indicate replication products without a rolling circle tail, with a single-stranded
tail (not shown in the micrographs), with a double-stranded tail (not shown), or with one loop (Fig. 3, A–E) or two
loops (Fig. 3F) with a double-stranded tail. Scale bar  100 nm.
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ber of pointers to biotin-tagged polymerase makes it highly
unlikely that many of the molecules had two pointers to the
same streptavidin. As shown in Fig. 3G, 29% of the molecules
with one loop, where the leading and lagging strand polymer-
ases should be together in the complex, had two pointers to
polymerase. In contrast, only 3% of the molecules without a
loop had two pointers. Molecules
with two loops, which we interpret
as having two lagging strand frag-
ments elongating simultaneously,
were rare (13 of 221 molecules
scored). 31% of these had three
pointers to polymerase, whereas
there were no molecules that had
one loop, or no loop, that had three
pointers. We frequently saw mole-
cules where the complex had spilt
into two parts, with a pointer to po-
lymerase on each part (Fig. 3, D and
E). The complex at the junction
between the circular template and
the tailed product likely contains
the leading strand proteins. The dis-
tal complex is separated from the
fork by duplex DNA, which is the
nascent lagging strand fragment.
There were also raremolecules (Fig.
3F) where the protein-covered sin-
gle-stranded DNA on the lagging
strandwas extended, and therewere
pointers to polymerases on two
adjacent lagging strand fragments,
at the expected location for polym-
erasemolecules completing anOka-
zaki fragment.
Helicase in the Replication
Complex—T4 41 helicase is a hex-
amer of identical subunits. In experi-
ments with the biotin-tagged heli-
case, we occasionally saw six pointers
to the hexameric helicase (Fig. 4A),
but most molecules had fewer point-
ers (Fig. 4, B–D). In the experiment
analyzed in Fig. 4E, 91 of the 108
molecules from the reaction with
the pUCNICK template had a dou-
ble-stranded tail indicating there
had been both leading and lagging
strand synthesis. There were one or
more pointers to the helicase on 55
(60%) of the molecules with double-
stranded tails. The pointers were at
the fork on 52 of these molecules,
with the remaining 3 on the tail. In a
series of three experiments with the
tagged helicase, 60–70% of themol-
ecules with double-stranded tails
had at least one pointer; 24–28%
had two or more pointers, including 1–3% with six pointers.
Two factors may contribute to the small proportion of mole-
cules with six pointers. It is likely that most of the tagged heli-
case had some subunits that lacked biotin, because not all the
helicase with the peptide tag is actually biotinylated in vivo
(data not shown), and only one biotinylated subunit was neces-
FIGURE 4. Replication with biotin-tagged T4 41 helicase. A and B, replication products from nicked pUCnick
DNA (2.7 kb). C and D, replication products from the 452-bp minicircle. Arrows indicate the 300-bp biotin DNA
pointers showing the location of the tagged hexameric helicase. Scale bar  100 nm. E, number of pointers to
biotin-tagged helicase on pUCnick DNA-replicating molecules.
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sary for the helicase to be bound to the affinity column used in
the purification of the protein. In the absence of ATP, the heli-
case is a dimer in solution, so that a minimum of three biotin-
ylated subunits would be expected in the active hexamer (38).
Thus our finding that only 11% of the molecules had three or
more pointers suggests that the location of the helicase within
the replication complex, or the added streptavidin, shields
some of the subunits from the pointers. Conversely, on mole-
cules where two pointers end at the same place in complex,
they may both be pointing to same subunit, because strepta-
vidin is multivalent.
Less Helicase Is Present on Stalled Replicating Molecules—
The processivity of T4 41 helicase is greatly increased when it is
present with a rapidly moving polymerase (reviewed in Refs. 39
and 40). We used a nicked plasmid (pNNGless) on which lead-
ing strand synthesis stalls after 396 b in the absence of dCTP to
compare biotin-tagged helicase and polymerase on stalled and
rapidly replicating molecules. With all four dNTPs there is
rapid synthesis, and pointers show
that both biotin-helicase (Fig. 5A)
and polymerase (Fig. 5B) are pres-
ent. In the absence of dCTP, the
stalled replicating molecules have a
396-b single-stranded tail, because
there are no T4 primase recognition
sequences on the displaced strand.
The pointers showed that both heli-
case and polymerase were present in
these stalled complexes.Multiple tag-
ging approacheswould be required to
formally demonstrate that both are
present on the same complex. How-
ever, analysis of a large number of
molecules from each reaction (Fig.
5C) revealed that helicase was pres-
ent on only 24% of the stalled mole-
cules, compared with 53% of the
molecules replicated with all four
dNTPs. There was less of a differ-
ence with the tagged polymerase,
which was present on 49% of the
stalled molecules and 65% of the
replicating molecules. In the fu-
ture it will be important to obtain
direct biochemical confirmation of
thisobservation, because it is a central
issue in understanding the nature of
the stalled replication fork.
59 Helicase-loading Protein Re-
mains on the DNA after Extensive
Replication—T4 gene 59 helicase-
loading protein accelerates the load-
ing of the gene 41 helicase at the
replication fork. Our experiments
with pointers to biotin-tagged 59
loader show that it remains on the
fork on molecules where there has
been extensive replication (Fig. 6).
In the experiment analyzed in Fig. 6G, 96 molecules had a dou-
ble-stranded tail, the product of leading and lagging strand syn-
thesis, and of these 50 (52%) had one ormore pointers toN-ter-
minally tagged biotin 59 loader at the fork. Thus the percentage
of replication complexes with a pointer to biotin-tagged 59
loader was similar to that we observed with the biotin-tagged
polymerase and helicase (Figs. 3–5). Forty-three percent of
thesemolecules had a single pointer to the loading protein (Fig.
6A), 8% had two pointers (Fig. 6B), and only 1% had three or
more pointers (Fig. 6C). For comparison, in a parallel experi-
ment 30% of the molecules with a double-stranded tail had a
single pointer to biotin-tagged helicase, 16% had two pointers,
and 11% had three or more pointers (Fig. 4E).
Under our conditions, most of the protein-covered single-
stranded DNA that had been unwound by the helicase on the
lagging strand at the fork was folded into a compact structure,
as shown in Fig. 6 (A–C) (see also Ref. 2). There were occasional
molecules in which this single-stranded DNA was open (Fig. 6,
FIGURE 5. Replication with biotin-tagged T4 41 helicase and polymerase on stalled and actively replicat-
ing molecules. Helicase is present on a smaller fraction of the stalled molecules. The template was nicked
pNNGless on which leading strand synthesis stops after 396 b in the absence of dCTP. A, biotin-tagged 41
helicase. B, biotin-tagged polymerase. Arrows indicate 300-bp biotin DNA pointers to the tagged helicase or
polymerase. Scale bar  100 nm. C, number of pointers to biotin-tagged helicase and biotin-tagged polymer-
ase on stalled and actively replicating molecules.
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D and E). Pointers on these mole-
cules showed that 59 helicase loader
was located at or near the fork, as
well as near the distal end of this sin-
gle-stranded region, close to the
point where the last lagging strand
fragment had been initiated. There
were alsomoleculeswhere 59 loader
was on a protein-covered single
stranded gap separated from the
fork by duplex DNA (Fig. 6F).
The number of molecules with
multiplepointers to59helicase loader
at the fork increased with increasing
59 loader concentration, but this did
not correlate with increased DNA
synthesis. Molecules with two or
more pointers were 4, 8–9, and 32%
of the total at 50, 100, and 200 nM 59
loader, respectively, whereas mole-
cules with a single pointer were 36,
39–42, and 32% in the same reac-
tions. However, DNA synthesis was
highest at 100nM (Fig. 2C), consistent
with previous reports of inhibition
with higher 59 loader concentrations
(34).
Because 59 loader is known to
bind to single-stranded DNA, we
carried out control reactions to
measure its binding to 7200-b sin-
gle-stranded M13 DNA under our
replication conditions (Fig. 7). We
wanted to be sure that 59 protein
with pointers in the replication
reactions did not result from59 pro-
tein simply binding to single-
stranded regions on the lagging
strand template. These control
reactions had all of the proteins
present in our replication reactions
except primase, with 59 protein at
100 nM. The protein-covered circu-
larmolecules had an open “beads on
a string” appearance, similar towhat
we have observed with the same
DNA and only 32 and 59 proteins
under the same conditions (not
shown), rather than the compact
single-stranded DNA characteristic
of the replicating molecules. Most
of the visible protein is 32 protein.
Only 36% of the molecules had a
pointer to 59 protein, with most
molecules (28%) having a single
pointer. Because the available sin-
gle-stranded DNA on theM13mol-
ecules is seven times that of 1 kb
FIGURE 6. Replication with N-terminal biotin-tagged T4 59 helicase-loading protein. The template was
nicked pUCnick DNA. Arrows indicate the 300-bp biotin DNA pointers to tagged helicase loader. A–C, mole-
cules with a compact replication complex at the fork. D–F, molecules on which the complex has opened to
show the protein-covered single-stranded DNA on the lagging strand. Scale bar  72 nm for A–D and 100 nm
for E and F. G, number of pointers to biotin-tagged 59 helicase-loading protein on different types of replicating
molecules. The diagrams depicting molecule type indicate replication products without a rolling circle tail, with
a single-stranded tail, or with a double-stranded tail, either with or without a loop.
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on the replicating molecules (2), the density of 59 protein is
much higher at or near the fork during replication (Compare
Figs. 6 and 7).
DISCUSSION
We have used electron microscopy combined with biotiny-
lated linear DNA as a molecular pointer to show that biotin-
tagged T4DNA polymerase, gene 41 helicase, and gene 59 heli-
case-loading protein remain in the protein-DNA complex at
the replication fork during DNA synthesis in vitro. The pres-
ence of a pointer to a specific biotinylated protein provides
unambiguous evidence that the protein is there. However, the
number of subunits of each protein in the complex cannot be
determined, because the attachment of the pointers is not 100%
efficient, and streptavidin has four biotin-binding sites. The T4
replication complex at the fork contains protein-coated single-
stranded DNA folded into a compact structure, in addition to
the polymerase holoenzyme and primosome proteins directly
responsible for new DNA synthesis. We have not been able to
use the pointers to determine the relative positions of specific
tagged proteinswithin this highly dynamic complex, whose size
and shape change at different stages of the lagging strand cycle.
In contrast, the pointers were used successfully to show the
location of proteins within the static complex of yeast Orc pro-
teins, bound at a replication origin (29).
Both Leading and Lagging Strand Polymerases Are Present in
the Replication Complex—We previously established that a
large fraction of the T4 replication complexes contained a dou-
ble-stranded loop and that the distribution of lengths of these
loopsmatched the size distribution of lagging strand fragments
on deproteinized molecules (2). This strongly suggested that
the loops were formed from the nascent lagging strand frag-
ments and should contain the lagging strand polymerase at the
elongating end of the loop, in addition to the leading strand
polymerase that should be present at the junction of the circular
template and the linear rolling circle product. The studies pre-
sented here provide the strongest evidence that the replication
complexes with a loop do contain two polymerases. The two
polymerases are within a tight complex on most of the looped
molecules. However, there were several molecules in which the
complex had opened showing two separated complexes, each
with a pointer to polymerase, one at the fork junction, and the
other separated from the fork by a duplexwith a nascent lagging
strand fragment, consistent with their assignment as the lead-
ing and lagging strand polymerases.
Molecules without a loop are at a stage in the lagging strand
cycle where a lagging strand fragment has been completed, but
polymerase has not begun the extension of the next primer, or
the extended chain is too short to form a visible loop.We found
that 44% of the molecules with a long duplex product tail, but
no loop, had a single pointer to polymerase, and only 3% had
two pointers. This was surprising because it has been shown
that T4 lagging strand synthesis can continue after dilution into
a solution without polymerase (41), implying that the lagging
strand polymerase can be recycled to the next fragment. It is
possible that when a polymerase is in transit to the next primer,
or in the initial stage of primer extension, it is more easily lost
from the complex under our fixation conditions. The associa-
tion of both the leading and lagging strand polymerases with
the replicating DNA is dynamic, in the sense that they can be
replaced by a mutant polymerase present in the reaction solu-
tion (42). It has recently been proposed that the presence of a
clamp on a primer serves as a signal for the lagging strand po-
lymerase to leave an unfinished fragment to begin elongation of
the clampedprimer (43). It is clear that the size of lagging strand
fragments increases with limiting concentrations of the clamp
(43),3 as expected if a primer must be clamped before it can be
extended. If polymerase normally leaves an unfinished frag-
ment when the clamp is not limiting, the binding of a second
polymerase to complete the fragment must be very efficient.
Very few gaps are observed on replicating molecules made
3 N. G. Nossal, unpublished experiments.
FIGURE 7. Limited binding of biotin-tagged T4 59 helicase-loading pro-
tein to M13 single-stranded DNA in the absence of replication. Reactions
contained M13 viral circular single-stranded DNA (7.2 kb) and all the T4 rep-
lication proteins except primase. Arrows show 300-bp pointers to the helicase
loader. Scale bar  100 nm.
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under these conditions in the presence of T4 DNA ligase and
the T4 5 nuclease (RNaseH) that removes the primers (Ref. 2
and this report), and almost all the adjacent fragments are sep-
arated only by nicks that can be sealed by T4 DNA ligase.3
In our original analysis of molecules replicated by the T4
proteins, we unexpectedly found a small percentage of mole-
cules that appeared to have more than one loop (2). When the
same reaction products were examined after removal of the T4
proteins by proteolysis, there was a similar percentage of mol-
ecules with two duplex regions surrounded by single-stranded
DNA near the fork, consistent with molecules on which there
were two incomplete lagging strand fragments. These mole-
cules with two loops, or two lagging strand fragments, were not
predicted by the original Albert trombone replicationmodel. In
the present study, 6% of the molecules had two loops, and 31%
of these had three pointers to biotin-tagged polymerase, pro-
viding strong evidence that the two loops in fact result from two
fragments that are being extended simultaneously. There were
nomolecules with a single loop or no loop that had three point-
ers to polymerase.
More Helicase Is Present on Rapidly Replicating Molecules—
We found one or more pointers to biotin-tagged gene 41 heli-
case on 60% of the molecules with double-stranded tails on the
circular templates, and almost all of these were at the fork,
rather than on unwound single-stranded DNA ahead of the
polymerase.Molecules with six pointers to this hexameric heli-
case of identical subunits were rare for reasons discussed under
“Results.” The T4 gene 41 and T7 gene 4 replicative helicases
each have been shown to unwind at a much higher rate at a
replication fork ahead of the leading strandpolymerase, than on
model fork helicase substrates (reviewed inRef. 44). The impor-
tant factor appears to be having duplex DNA behind the heli-
case to keep it in position, rather than a specific interactionwith
the polymerase. The processive T7 polymerase-thioredoxin
complex can replace T4 DNA polymerase with the T4 helicase
(39, 41), and T4 DNA polymerase can replace the T7 DNA
polymerase complex with T7 helicase (45). We found signifi-
cantly less helicase on molecules where replication was stalled
after 396 b by the absence of a required dNTP, than on rapidly
replicating molecules in a complete reaction with the same
template.
T4 59 Helicase-loading Protein Remains on the DNA after
Loading the Helicase—59 helicase loader is present on the
majority (70%) of the molecules with a long double-stranded
tail replicated in reactions with biotin-tagged 59 helicase
loader.Most of the pointers (52%) were at the fork, and the 18%
scored on the tail were bound predominantly to the single-
stranded DNA adjacent to the fork. Because 59 protein binds
single-stranded DNA, it was important to establish that the
binding we observed on the replication products was greater
than that for 59 protein on any single-stranded DNA under the
same conditions. With M13 circular single-stranded DNA at
the same concentration as the nicked templates, and primase
omitted to prevent synthesis, we found pointers to 59 protein
on only 36% of the molecules, and only 8% had more than one
pointer. Because the single-stranded region on the replicating
molecules averages 1000 bases, rather than the 7200 bases on
each M13 circle, the density of 59 protein bound to single-
stranded DNA is clearly much greater during replication. Thus
59 protein remains on the DNA during replication, after load-
ing the helicase.
The function of 59 protein beyond increasing the rate of heli-
case loading is a subject of active investigation. This small (26
kDa) protein binds preferentially to fork DNA and interacts
directly with T4 41 helicase, 32 protein, and polymerase (17, 20,
23, 24, 46). T4 phage begins replication from one or more rep-
lication origins, but most of its replication is accomplished at
forks established by recombination. Early studies showed that
T4 phage mutants in gene 59 had a DNA arrest phenotype,
suggesting a role in recombination-directed replication
(reviewed in Ref. 47). At the second fork established for bidirec-
tional replication in vivo at a T4 replication origin, leading
strand synthesis continued in the absence of lagging strand syn-
thesis with a gene 59 mutant, whereas synthesis on the two
strands began simultaneously with the wild-type phage. This
led to the hypothesis that 59 protein functions as a gatekeeper,
blocking the leading strand polymerase until the primase-heli-
case is loaded (22). In vitro, the presence of 59 protein has been
shown to block leading strand synthesis until the helicase and
32 protein, which are each necessary for lagging strand synthe-
sis, are loaded (20, 21, 23, 24). Cross-linking and fluorescence
transfer (fluorescence resonance energy transfer) experiments
show a close interaction of 59 helicase loader and polymerase
(23, 24). Single molecule fluorescence resonance energy trans-
fer experiments on a short primed fork (longest strand, 62 b)
indicated that 59 and 32 proteins remained on the fork with
helicase in the presence of ATPS, but both 59 and 32 proteins
left when ATP, required for the assembly of the helicase hex-
amer andDNA unwinding, was added (19). Similar results with
the helicase and 59 proteinwere obtainedwith gelmobility shift
experiments, using antibody to identify complexes containing
the helicase loader (31). These studies all show that 59 protein
and active helicase are not present simultaneously on the short
fork DNA. It is unclear whether there is simply not enough
room on the short DNA, or if 59 protein is actively ejected as
part of the helicase-loading mechanism. If it is ejected, it must
bind efficiently to the single-stranded DNA produced as heli-
case unwinds the duplex at the replication fork, because we
found pointers to 59 protein at or near the fork on amajority of
the replicating molecules. The role of this bound 59 protein is
still unclear. Both 59 protein and 32 protein increase the rate of
synthesis of pentamer primers by the primase-helicase (14).
The 32 protein-covered single-stranded DNA on molecules
replicated with the T4 proteins appeared less compact in reac-
tions without 59 protein (2). The possibility that the 59 and 32
proteins have roles in regulating primer synthesis or utilization
on the lagging strand needs to be examined.
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